Previous studies have demonstrated that filled intervals are perceived as being longer than empty intervals of the same duration (i.e., the filled -duration illusion). In the present study, we asked whether the motor actions involved in filled and empty reproductions (a single continuous key press vs. two discrete key presses) would affect time estimates in a similar way. We hypothesized that reproductions of intervals of the same duration should be shorter for filled than empty reproductions (i.e., a filled -reproduction illusion). In two experiments, participants reproduced filled and empty intervals (ranging from 400 to 1,600 ms) using filled and empty reproductions. The results provided evidence for both kinds of illusions, even though the evidence was clearer for the filledduration than for the filled -reproduction illusion. The present study demonstrates that in a situation in which both illusions work in concert, reproductions of the same interval can vary dramatically depending on the combination of interval and reproduction type.
The perception of time is influenced by a variety of internal factors like body temperature (e.g., Hancock, 1993) and emotions (e.g., Droit-Volet & Meck, 2007) as well as external stimulus factors like modality (e.g., Bratzke, Seifried, & Ulrich, 2012; Penney, Gibbon, & Meck, 2000; Wearden, Edwards, Fakhri, & Percival, 1998) , intensity (e.g., Matthews, Stewart, & Wearden, 2011) , and occurrence probability (e.g., Birngruber, Schröter, & Ulrich, 2014; Tse, Intriligator, Rivest, & Cavanagh, 2004 ). An important stimulus factor that influences our perception of time is the temporal structure of the stimulus, that is, whether it is filled with stimulation (filled intervals) or with silence (empty intervals). Numerous studies have demonstrated that filled intervals are perceived as being longer than empty intervals of the same duration (i.e., the filled-duration illusion; Adams, 1977; Buffardi, 1971; Craig, 1973; Goldstone & Goldfarb, 1963; Gomez & Robertson, 1979; Hasuo, Nakajima, Tomimatsu, Grondin, & Ueda, 2014; Wearden, Norton, Martin, & Montford-Bebb, 2007) .
Internal clock models (Creelman, 1962; Gibbon, Church, & Meck, 1984; Treisman, 1963; Ulrich, Nitschke, & Rammsayer, 2006; Zakay & Block, 1997 ) provide a useful theoretical framework to explain such nontemporal influences on perceived time. Basically, these models assume an internal pacemaker that elicits pulses and an accumulator that counts these pulses. The rate of the pacemaker is often assumed to be modulated by arousal (e.g., Treisman, 1963) . At the beginning of a to-be-timed interval, a switch connects the accumulator with the pacemaker, and the pulses are counted until the switch disconnects the accumulator from the pacemaker at the end of the interval. The counted number of pulses represents perceived time and can be compared with information stored in a reference memory. The attentional gate model by Zakay and Block (1997) extends this basic model by an attentional gate that modulates the throughput between the pacemaker and the accumulator. That is, the less attention is devoted to time the less pulses pass the attentional gate and the shorter the duration of an interval will be perceived.
Within this theoretical framework, differences in the perceived duration of the same interval can be explained by variations in the switch latency, the pacemaker rate, and the attentional gate. Different switch latencies for filled and empty intervals might arise from the different on-and offset structures of the sensory markers defining the different intervals. For example, Grondin (1993) suggested that the switch immediately closes in case of a stimulus onset whereas the closing is somewhat delayed in case of a stimulus offset. For filled intervals, this would mean that the timing immediately starts with the onset of the stimulus and stops slightly delayed after the stimulus offset. For empty intervals, however, the timing would start slightly delayed after the offset of the first marker and stop immediately with the onset of the second marker. This would result in longer perceived duration for filled than for empty intervals.
As an alternative, a pacemaker account of the filledduration illusion assumes that filled intervals induce a higher pacemaker rate than empty intervals, for example, due to higher arousal associated with the continuous stimulation of filled intervals as compared to the absence of external stimulation during empty intervals. In a previous study, Wearden and colleagues aimed to distinguish between switch and pacemaker accounts of the filled-duration illusion using a verbal estimation task (Wearden et al., 2007) . They reasoned that if the illusion was caused by an effect on switch latency, the size of the illusion should be constant across a wide range of stimulus durations. In contrast, if the illusion was related to different pacemaker rates, the size of the illusion should increase with increasing stimulus duration. Their results were in line with the prediction of the pacemaker account. The authors thus concluded that the filled-duration illusion is probably due to a higher pacemaker rate for filled than for empty intervals.
One of the standard methods for studying temporal phenomena like the filled-duration illusion is the method of reproduction (see, e.g., Grondin, 2008) . There are essentially three different variants of this method that have been used since the pioneering studies of Vierordt (1868) . In all these variants a sample interval is presented, and participants are required to subsequently reproduce this interval by a specific motor action that differs between the variants. In one variant, participants continuously press a key for the perceived duration (i.e., filled reproduction; e.g., Bausenhart, Dyjas, & Ulrich, 2014; Bryce & Bratzke, 2015; Tse et al., 2004) . In a second variant, participants start and stop the reproduction with two brief key presses (i.e., empty reproduction; e.g., Bangert, Reuter-Lorenz, & Seidler, 2011; Grondin, 2012; Woodrow, 1930) . In a third variant, participants only terminate the reproduction interval with a single key press (i.e., termination; e.g., Jazayeri & Shadlen, 2010; Riemer, Trojan, Kleinböhl, & Hölzl, 2012; Ulbrich, Churan, Fink, & Wittmann, 2007; Vierordt, 1868) . In contrast to other widely used timing methods (as, e.g., verbal estimation), a specific characteristic of reproduction is that during the reproduction phase timing of the interval is again required. Obviously, the motor activities required for filled and empty reproductions have properties very similar to the characteristics of the stimuli in the filled-duration illusion. It is reasonable to assume that the continuous motor activity of a filled reproduction leads to higher arousal and consequently also to a higher pacemaker rate than the two brief key presses involved in an empty reproduction. Accordingly, not only the stimulus type but also the reproduction type might affect reproduced duration.
Until today, only a few studies have investigated potential influences of the different variants of the reproduction method on temporal estimates (e.g., Bueti & Walsh, 2010; Mioni, Stablum, McClintock, & Grondin, 2014) . In one of these studies, Mioni et al. (2014) employed all three variants, that is, filled reproduction, empty reproduction, and termination. In line with our consideration that filled reproduction might accelerate the pacemaker, they observed that across a wide range of sample durations (1-18 s), reproductions were on average shorter with filled than with empty reproductions. Their study thus provides the first evidence for what we will refer to as filled-reproduction illusion. It is important to note that such a filled-reproduction illusion works in the opposite direction of the filled-duration illusion. That is, filled reproductions lead to shorter time estimates than empty reproductions, whereas filled intervals lead to longer time estimates than empty intervals. These opposed directions of the two illusions are consistent with the view that both filled sample intervals and filled reproductions increase the rate of the pacemaker compared with empty intervals and empty reproductions, respectively (see Fig. 1 for a schematic illustration). In case of the filledduration illusion, a higher pacemaker rate leads to longer estimates because more pulses are accumulated during the same interval. In case of the filled-reproduction illusion, however, a higher pacemaker rate leads to shorter estimates because the same number of pulses is accumulated earlier in time. Additionally, as can be seen in Fig. 1 , the filled-reproduction illusion should be larger for filled than for empty sample intervals. Analogously, the filled-duration illusion should be larger for empty than for filled reproductions.
In the present study, we further investigated the filledreproduction illusion employing filled and empty reproductions in combination with filled and empty sample intervals. Besides the aim to replicate both kinds of illusions (i.e., filledduration and filled-reproduction illusion) in this combined paradigm, we considered two additional aspects. First, Mioni et al. (2014) included in their study only sample durations in the suprasecond range. It has been suggested that different mechanisms are involved in timing of very brief intervals (i.e., in the subsecond range) and intervals in the suprasecond range (Lewis & Miall, 2003; Rammsayer & Ulrich, 2011) . To investigate whether a similar illusion also occurs in the subsecond range, we employed four sample durations ranging from 400 to 1,600 ms. Second, we asked whether a filledreproduction illusion can also be attributed to variations in pacemaker rate, as has been proposed for the filled-duration illusion. Accordingly, the filled-reproduction illusion should also increase with increasing sample duration. First evidence for such a scaling of the illusion with sample duration can be found in Mioni et al.'s study.
Experiment 1
In Experiment 1, participants had to reproduce filled and empty sample intervals with filled and empty reproductions. The two interval types were presented randomly interleaved within experimental blocks, whereas the two reproduction types were employed in different halves of the experiment.
Method
Participants Twelve females and eight males, between 19 and 41 years of age (M = 25.5 years) participated in Experiment 1. One participant was left-handed, and all participants reported normal vision and hearing.
Apparatus and stimuli The experiment was run in a soundattenuated, dimly illuminated experimental booth. Stimuli were presented and responses recorded by a Mac under the control of MATLAB using the Psychophysics Toolbox 3 extensions (Brainard, 1997; Kleiner, Brainard, & Pelli, 2007; Pelli, 1997) . A 21-in. monitor with a resolution of 1024 × 768 pixels and a refresh rate of 150 Hz was used for stimulus presentation. Participants sat in front of the screen at a distance of about 60 cm. The space bar of a standard German keyboard served as response key.
Visual stimuli were a fixation cross (1.6°× 1.6°of visual angle) and a question mark (1.2°× 2.4°of visual angle), which were presented in white against a black background. Auditory stimuli were sine tones of 500 Hz presented via headphones (Sennheiser HD 212 Pro) at an intensity of 70 dB(A) SPL. The intervals were either presented as filled (one continuous tone) or empty intervals (two successive tones). The markers for the empty intervals lasted for 20 ms. Filled intervals were bounded by the onset and the offset of each tone, while empty intervals were bounded by the onset of the first and the onset of the second marker. All tones and markers had 5-ms rise and fall times to avoid clicking noises.
Procedure and design Each trial started with the presentation of a fixation cross for 500 ms at the center of the screen. After the offset of the fixation cross, a filled or empty sample interval was presented with a variable duration (400; 800; 1,200; or 1,600 ms). Then, a question mark appeared at the center of the screen, prompting participants to start reproducing the sample by pressing the space bar as soon as possible. The question mark disappeared with the start of the reproduction. During the reproduction, no external sensory feedback was provided. Immediately after reproduction was finished, the fixation cross was presented again and the next trial started. Participants did not receive any feedback concerning their reproduction performance.
Participants were instructed to reproduce the sample intervals either with filled (a single continuous key press) or with empty (two distinct key presses) reproductions. For filled reproductions, participants were asked to press the space bar and hold it down for as long as the sample had lasted. In this case, the onset of the key press indicated the onset of the reproduction and the offset of the key press indicated the offset of the reproduction. For empty reproductions, participants had to start reproducing the sample by a short press of the space bar and to end the reproduction by pressing the space bar again. In this case, the onset of the first key press indicated the onset of the reproduction, and the onset of the second key press indicated the offset of the reproduction.
The interval type (filled vs. empty) was varied randomly within blocks, whereas the reproduction type was manipulated between halves of the experiment. The order of the reproduction types was counterbalanced between participants. One half of participants started with filled reproductions, and the other half of participants started with empty reproductions. An experimental session comprised two practice blocks (one for each reproduction method) and 20 experimental blocks (10 for each reproduction method). Practice blocks and experimental blocks consisted of 16 trials each (two trials for each 
Results and discussion
The main dependent variable was mean reproduction. As in Mioni et al. (2014) , we also analyzed reproduction variability (coefficient of variation; CV) and report the results here for the sake of comparison. The CV was calculated by dividing the standard deviation by the mean reproduction separately for each participant, reproduction type, interval type, and sample duration. Additionally, mean response time (RT) was analyzed to examine potential differences in processing the temporal information between different stimulus and reproduction conditions (see Bangert et al., 2011) . Response time was measured from the onset of the question mark until the space bar was pressed.
Data from practice blocks as well as trials including outliers defined as reproductions deviating more than 2.5 standard deviations from the individual cell mean were excluded from data analysis (1.34% of all trials). 1 Separate 2 × 2 × 4 repeated-measures ANOVAs, with the factors interval type (filled vs. empty), reproduction type (filled vs. empty), and sample duration (400; 800; 1,200; and 1,600 ms) were computed on mean reproduction, CV, and mean RT. Greenhouse-Geisser corrections were applied to adjust p values where appropriate. Within-subjects standard errors were computed according to Morey (2008) .
To test for potential scaling of the two illusions (filled-duration and filled-reproduction illusion) with sample duration, we fitted simple linear regressions to the individual mean reproductions with sample duration as predictor and the size of the illusion as outcome variable. T tests were conducted in order to test whether the mean slopes of these regressions differed from zero. 2 Mean reproduction As can be seen in the left panel of Fig. 2 , mean reproduction increased with sample duration, F(3, 57) = 809.58, p < .001, η p 2 = .98. As expected, the results showed the classic filled -duration illusion (see also the middle panel of Fig. 2 ). Reproductions of filled intervals (1,273 ms) were on average 243 ms longer than reproductions of empty intervals (1,030 ms), F(1, 19) = 30.70, p < .001, η p 2 = .62. There was also a significant main effect of reproduction method, F(1, 19) = 7.53, p = .013, η p 2 = .28. Reproductions were on average 77 ms longer for empty (1,190 ms) than for filled (1,113 ms) reproductions, demonstrating a filledreproduction illusion (see also the right panel of Fig. 2) .
Additionally, the ANOVA yielded a significant interaction of interval type and sample duration, F(3, 57) = 8.01, p = .002, η p 2 = .30, indicating that the filled-duration illusion increased with increasing sample duration (170, 216, 276, 313 ms) , with a mean slope of 0.12, t(19) = 3.42, p = .003. A similar interaction was observed between reproduction type and sample duration, F(3, 57) = 7.76, p = .002, η p 2 = .29, indicating that the filled-reproduction illusion also increased with sample duration (−20, −55, −94, −136 ms), with a mean slope of −0.10, t(19) = −3.39, p = .003. The ANOVA also yielded a significant interaction between interval type and reproduction type, F(1, 19) = 8.03, p = .011, η p 2 = .30. Averaged across sample durations, there was a stronger filled -duration illusion for empty (295 ms) than for filled (192 ms) reproductions (see the middle panel of Fig. 2) , and a stronger filled -reproduction illusion for filled (−128 ms) than for empty (−25 ms) intervals (see the right panel of Fig. 2) .
Furthermore, the ANOVA revealed a significant three-way interaction between interval type, reproduction type, and sample duration, F(3, 57) = 8.64, p < .001, η p 2 = .31. As can be seen in the right panel of Fig. 2 , the effect of reproduction type for filled intervals was relatively constant across sample durations (−134, −91, −131, −155 ms), with a mean slope of −0.03, t(19) = −0.69, p = .501. For empty intervals, however, the effect was strongly modulated by sample duration, with an even reversed pattern at the shortest sample duration (95, −20, −57, −118 ms) and a mean slope of −0.17, t(19) = −5.90, p < .001. Furthermore, the threeway interaction indicated that even for the filled-duration illusion the expected scaling of the illusion with sample duration was not independent of reproduction type (see the middle panel of Fig. 2) . Accordingly, the filled-duration illusion significantly increased with sample duration for filled reproductions (mean slope: 0.19), t(19) = 5.22, p < .001, but not for empty reproductions (mean slope: 0.05), t(19) = 1.21, p = .243.
Coefficient of variation (CV)
The ANOVA revealed a significant main effect of sample duration, with larger CV for short than for long sample durations (see Fig. 3 ), F(3, 57) = 28.14, p < .001, η p 2 = .60. This replicates the CV results by Mioni et al. (2014) , although these authors used a very different range of sample durations (1-18 s). There was also a significant main effect of reproduction type on CV, F(1, 19) = 7.35, p = .014, η p 2 = .28, with larger CV for the filled (0.20) than for the empty (0.18) reproduction type. This is in contrast to the results of Mioni et al., who did not observe a difference in CV between the two reproduction types. The interaction between interval and reproduction type was also significant, F(1, 19) = 19.63, p < .001, η p 2 = .51. The effect of reproduction type was larger for empty (0.05) than for filled (−0.01) intervals. All other effects on CV were not significant (all ps > .200). 1 We also performed all analyses including outliers. For Experiment 1, these ANOVAs revealed only one qualitatively different result. The main effect of reproduction type on CV did not reach significance, F(1,19) = 1.83, p = .192, η p 2 = .09. 2 The additional regression analyses were suggested by an anonymous reviewer.
Mean response time (RT) Mean RT is depicted in Fig. 4 . The ANOVA yielded a significant main effect of interval type, with shorter RT for filled (687 ms) than for empty (962 ms) intervals, F(1, 19) = 71.51, p < .001, η p 2 = .79. The main effects of reproduction type and sample duration were not significant, ps > .128. There was a significant interaction of interval and reproduction type, F(1, 19) = 12.28, p = .002, η p 2 = .39, reflecting that the effect of interval type was larger for filled (321 ms) than for empty (229 ms) reproductions. Furthermore, a significant interaction effect of interval type and sample duration was observed, F(3, 57) = 19.08, p < .001, η p 2 = .50. As can be seen in Fig. 4 , RT decreased with increasing sample duration for filled interval whereas RT increased with increasing sample duration for empty intervals (a similar RT increase for empty reproductions of empty intervals was observed by Bangert et al., 2011) . Linear regression analyses of individual RTs with sample duration as predictor confirmed this pattern, with a mean slope of −0.10 for filled intervals, t(19) = −2.83, p = .011, and a mean slope of 0.20 for empty intervals, t(19) = 4.31, p < .001. This suggests that participants might have employed different modes of processing for empty and filled intervals. For example, empty intervals might have induced an internal rhythm that participants tended to follow in order to start and stop their reproductions. This idea is supported by the observation that empty reproductions of empty intervals were the least variable reproductions. All other interactions were not significant, all ps > .316.
Taken together, Experiment 1 yielded a rather mixed pattern of results. Overall, there was evidence for both the classic filled-duration illusion and a filled-reproduction illusion. Nevertheless, the filled-reproduction illusion only occurred for filled intervals and was even reversed for empty intervals Fig. 4 Mean response time as a function of interval type and reproduction type in Experiment 1. Error bars represent ±1 withinsubjects SE according to Morey (2008) 0 ANOVAs including outliers revealed two qualitatively different results in Experiment 2. First, the main effect of reproduction type on mean reproduction was significant, F(1,19) = 5.07, p = .036, η p 2 = .21. Second, the interaction between reproduction type and sample duration on RT did not reach significance, F(3,57) = 2.55, p = .064, η p 2 = .12. Morey (2008) when the sample duration was rather short. Additionally, the interaction pattern expected under the assumption of a pacemaker account (i.e., an increasing size of the illusion with increasing sample duration) was also modulated by the specific combination of reproduction and interval type, and this was the case for both the filled-duration and the filledreproduction illusion. Furthermore, RT analysis suggested that the different interval types might have induced different modes of processing.
Experiment 2
In Experiment 2, we investigated whether potential differences between processing of empty and filled intervals might have contributed to the result pattern of Experiment 1. To prevent participants from employing a rhythmical timing strategy for the reproduction of empty intervals, we inserted an additional variable interval between the offset of the sample interval and the response prompt.
Method
Participants A new sample consisting of 15 females and five males, between 18 and 42 years of age (M = 24.5 years), participated in Experiment 2. Five participants were left-handed, and all participants reported normal vision and hearing.
Apparatus and stimuli The apparatus and stimuli were identical to Experiment 1.
Procedure and design The procedure and design were identical to Experiment 1, with the exception that an additional random interval (1-3 s) was included between the sample interval and the response prompt.
Results and discussion
Data analysis followed the procedure of Experiment 1. One hundred and twenty-seven trials (1.98% of all trials) were identified as outliers and discarded from analyses. 33
Mean reproduction As can be seen in the left panel of Fig. 5 , the pattern of mean reproductions resembled the one of Experiment 1 in many respects. Overall, mean reproductions were somewhat longer (1,242 ms) than in Experiment 1
(1,151 ms). There were again significant main effects of sample duration, F(3, 57) = 522.16, p < .001, η p 2 = .96, and interval type, F(1, 19) = 45.06, p < .001, η p 2 = .70. The size of the filled duration illusion was 300 ms. Even though the difference between filled (1,196 ms) and empty (1,287 ms) reproductions was slightly larger than in Experiment 1 (−91 vs. -77 ms in Experiment 1), the main effect of reproduction type did not reach significance, F(1, 19) = 2.44, p = .134, η p 2 = .11. As in Experiment 1, the filled-duration illusion increased with increasing sample duration (217, 314, 320, 353 ms; see the middle panel of Fig. 5 ), F(3, 57) = 6.02, p = .005, η p 2 = .24, with a mean slope of 0.10, t(19) = 3.16, p = .005. A significant interaction between reproduction type and sample duration indicated that the difference between filled and empty reproductions also increased with sample duration (−18, −62, −124, −159 ms; see the right panel of Fig. 5 ), F(3, 57) = 7.76, p = .002, η p 2 = .29, with a mean slope of −0.12, t(19) = −3.36, p = .003. The interaction between interval and reproduction type was again significant, F(1, 19) = 8.03, p = .011, η p 2 = .30. The interaction pattern resembled the pattern of Experiment 1. The filled-duration illusion was stronger for empty (434 ms) than for filled (168 ms) reproductions (see the middle panel of Fig. 5) , and there was a substantial filled-reproduction illusion for filled intervals (−224 ms) but a reversed illusion for empty intervals (42 ms; see the right panel of Fig. 5) .
Even though the pattern of the three-way interaction was similar to Experiment 1, the interaction did not reach significance, F(3, 57) = 2.08, p = .112, η p 2 = .10. Nevertheless, regression analyses indicated that the filled-duration illusion significantly increased with sample duration for filled reproductions (mean slope: 0.14), t(19) = 3.93, p < .001, but not for empty reproductions (mean slope: 0.06), t(19) = 1.26, p = .222, and that the filled-reproduction illusion significantly increased for empty intervals (mean slope: −0.16), t(19) = −3.96, p < .001, but not for filled intervals (mean slope: −0.08), t(19) = −1.58, p = .130.
Coefficient of variation (CV)
Overall, CVs were slightly higher (0.21) than in Experiment 1 (0.19). As can be seen in Fig. 6 , CV was mainly affected by sample duration. Accordingly, only the effect of sample duration was significant, F(3, 57) = 35.78, p < .001, η p 2 = .65, indicating that CV decreased from the shortest to the longest sample duration. All other main effects and interactions were not significant, all ps > .066.
Mean response time (RT) In contrast to Experiment 1, RT performance did not indicate that participants employed different processing modes for filled and empty intervals (see Fig. 7) . Overall, the RT differences between different conditions were much smaller than in Experiment 1. Nevertheless, there was a significant main effect of sample duration, F(3, 57) = 3.74, p = .036, η p 2 = .16, and a significant interaction 3 ANOVAs including outliers revealed two qualitatively different results in Experiment 2. First, the main effect of reproduction type on mean reproduction was significant, F(1,19) = 5.07, p = .036, η p 2 = .21. Second, the interaction between reproduction type and sample duration on RT did not reach significance, F(3,57) = 2.55, p = .064, η p 2 = .12.
between reproduction type and sample duration, F(3, 57) = 3.24, p = .046, η p 2 = .15. RT decreased from the shortest to the longest sample duration (658, 619, 598, 593 ms), and this pattern was slightly different for filled (609, 616, 569, 595 ms) than for empty (704, 623, 626, 591 ms) reproductions. All other main effects and interactions were not significant, all ps > .094.
In summary, it appears that the insertion of a variable delay between the offset of the sample interval and the response prompt sufficiently prevented participants from employing different reproduction modes for filled and empty intervals. As side effects of this procedural change, mean reproductions were overall somewhat longer and variability of reproductions was somewhat higher than in Experiment 1. Nevertheless, the mean reproduction results were not substantially changed compared to Experiment 1. Accordingly, the results still showed a complex interaction pattern between reproduction and interval type.
General discussion
In the present study, participants reproduced filled and empty intervals using two variants of the reproduction method, namely, filled and empty reproduction. Based on previous empirical evidence and the theoretical framework provided by pacemaker counter models, we expected to observe both a filled -duration illusion (i.e., longer reproductions for filled than for empty intervals) and a filled-reproduction illusion (i.e., shorter reproductions for empty than for filled reproductions). Indeed, the results provided evidence for both kinds of illusions, even though the evidence was clearer for the filledduration than for the filled -reproduction illusion. The present study demonstrates that in a situation where both illusions work in concert, reproductions of the same interval can vary by up to 90% (averaged across all sample durations: 48%) of the duration of the to-be-reproduced interval depending on the combination of interval and reproduction type. Filled -reproduction illusion (filled reproduction minus empty reproduction) as a function of interval type. Note that for the filled -reproduction illusion negative values are plotted upwards. Error bars represent ±1 within-subjects SE according to Morey (2008) Fig. 6 Coefficient of variation as a function of interval type and reproduction type in Experiment 2. Error bars represent ±1 withinsubjects SE according to Morey (2008) Fig. 7 Mean response time as a function of interval type and reproduction type in Experiment 2. Error bars represent ±1 withinsubjects SE according to Morey (2008) In line with a pacemaker account of the two illusions, the filled-duration illusion was larger in combination with filled than with empty reproductions, and the filled-reproduction illusion was larger for empty than for filled intervals. However, a clear deviation from the predicted pattern was that the filled-reproduction illusion was even reversed for empty intervals of rather short durations. Also, the prediction of the pacemaker account that the two illusions would increase with sample duration was not confirmed in all cases. For example, in both experiments, even the filled-duration illusion did not show the predicted scaling of the illusion with sample duration in case of empty reproductions. Mioni et al. (2014) already reported longer reproductions for empty than for filled reproductions of filled intervals across a wide range of sample durations in the suprasecond range. Our results replicate their finding for filled intervals and extend it to the subsecond range. The effect of reproduction type, however, was less clear for the reproduction of empty intervals. In Experiment 1, RT performance suggested that participants might have adopted different processing modes for empty and filled intervals, which could have contributed to the difference in the effect of reproduction type between the two interval types. Specifically, RT increased with increasing sample duration for empty intervals, whereas RT rather decreased with increasing sample duration for filled intervals. We hypothesized that participants' reproductions for empty intervals were influenced by the rhythm entrained by the brief markers of those intervals (see Large & Jones, 1999 ). An insertion of a variable delay between the sample interval and the reproduction in Experiment 2 clearly equalized the RT patterns of the two interval conditions but did not affect the difference between the two reproduction type effects. We thus suggest that the different effects of reproduction type were probably not due to different temporal processing modes for filled and empty intervals.
A lack or even a reversal of the filled -reproduction illusion for empty intervals mainly appeared for rather short intervals. This observation hints at the potential contribution of motor constraints for the present findings. Several authors have critically discussed the role of motor action in temporal reproduction (Droit-Volet, 2010; Mioni et al., 2014; Wearden, 2003) . For example, Droit-Volet (2010) suggested that motor components play a crucial role in reproduction differences between children and adults. In her study, she adopted a model proposed by Wearden (2003) , which takes into account the time demands to initiate and execute the motor action involved in temporal reproduction. This model assumes that temporal reproductions are generated in two consecutive phases-a waiting and a response phase. During the first phase, the participant waits until the elapsed time is Bclose enough^to the represented duration of the target interval. In the second phase, the participant initiates and executes the required response. The waiting time is assumed to be proportional to the target duration (e.g., 70% of the target duration), whereas the response time is on average constant across different target durations. This model can, for example, explain the common finding that short intervals are overreproduced whereas long intervals are underreproduced (i.e., the Vierordt effect). The present finding of a reversed filled reproduction illusion for short sample durations, however, cannot be explained by Wearden's model without further assumptions. Wearden's (2003) model can nevertheless provide a useful theoretical frame for explaining the present results if one additionally takes into account the empirical observation that RT can be longer for key releases than for key presses (Bjørklund, 1991) . It is indeed possible to model the reversal of the filledreproduction illusion for short intervals using Wearden's twophase model, namely, assuming shorter representations for filled than empty reproductions (due to a higher pacemaker rate for filled than empty reproductions) and longer response times for the key-release responses at the end of filled reproductions than for the key-press responses at the end of empty reproductions. However, this explanation seems still unlikely because there is no reason to assume that these effects should only occur for empty intervals. Additionally, the largest reversed filled-reproduction illusion observed in the present study was 125 ms (for empty intervals of 400 ms duration in Experiment 1), which clearly exceeds the RT difference one could expect between key-release and key-press responses (about 25 ms in Bjørklund's study).
There are other motor-related factors that might have contributed to the partially reversed reproduction effect. Participants can produce finger taps with a rate up to 5-7/s, which corresponds to intertap intervals of 150-200 ms (see Repp, 2005) . Accordingly, even the shortest intervals in the present study (i.e., 400 ms) should not have posed substantial motor difficulties for the participants in case of empty reproductions. In case of filled reproductions, however, it is conceivable that the reproductions need to have a certain minimum duration in order to be experienced as a filled reproduction. If so, this should prolong reproductions predominantly in case of rather short filled reproductions. This explanation, however, is also unlikely, because previous studies (e.g., Tse et al., 2004) have reported mean reproductions that were clearly shorter (down to 250 ms) than the shortest mean filled reproduction in the present study (560 ms for empty intervals with 400 ms duration in Experiment 1). Another argument against this explanation is that the reversal of the reproduction effect was even more pronounced in Experiment 2, in which reproductions were on average longer than in Experiment 1. Nevertheless, we cannot rule out that a tendency to produce at least a certain minimum duration in case of filled reproductions might have contributed to the present results. Mioni et al. (2014) also addressed the potential role of the different motor actions in temporal reproduction, adopting the resource perspective of the attentional gate model (Zakay & Block, 1997) . They hypothesized that preparing and executing a motor action reduces the attentional resources that can be devoted to the perception of time, and, consequently, reproductions should be rather variable and underestimate the duration of the target intervals. Initially, Mioni and colleagues hypothesized that of the three reproduction variants, empty reproduction should require the most resources because of the two key presses involved in this variant. Their results, however, showed shorter reproductions for filled than for empty reproductions. The authors revised their hypothesis accordingly, now arguing that the continuous motor action in filled reproductions probably required more resources than the two key presses in empty reproductions. As Wearden et al. (2007) already noted in their study on the filled-duration illusion, such an attentional account is essentially indistinguishable from a pacemaker rate account. Accordingly, an attentional account can also explain the basic findings of the present study, that is, the filled-duration and the filled-reproduction illusion, if one assumes that the motor actions involved in the reproduction substantially draw on attentional resources. However, such an attentional account is also not capable of fully explaining the interaction pattern between interval and reproduction type observed in the present study.
We were particularly interested in the effect of the different motor actions involved in filled and empty reproductions and therefore did not provide any sensory feedback during the reproduction interval. There are numerous examples of both kinds of studies, those providing no sensory feedback (e.g., Bangert et al., 2011; Bausenhart et al., 2014; Bryce & Bratzke, 2015; Fortin & Rousseau, 1998; Jazayeri & Shadlen, 2010; Tse et al., 2004) and those providing feedback (e.g., Bueti & Walsh, 2010; Elbert, Ulrich, Rockstroh, & Lutzenberger, 1991; Gibbons & Rammsayer, 2004; Kononowicz, Sander, & Van Rijn, 2015; Mioni et al., 2014; Riemer et al., 2012; Ulbrich et al., 2007) . If sensory feedback is provided, often the same stimulus is presented during the sample and the reproduction interval. Besides the motor-related effects of reproduction type investigated in the present study, it would also be interesting to examine potential effects of sensory feedback provided during the reproduction interval.
For example, a pacemaker account would predict that presentation of filled and empty sensory feedback during the reproduction should result in an inversed filled-duration illusion (i.e., reproductions should be shorter instead of longer for filled than for empty feedback). That is because during the reproduction the same number of pulses is accumulated earlier in case of a higher pacemaker rate. Interestingly, two recent studies failed to show this inverse pattern for two temporal illusions similar to the filled-duration illusion, namely, the effect of stimulus size (Rammsayer & Verner, 2015) and numerical magnitude (Cai & Wang, 2014) on temporal reproductions. In both studies, the respective stimulus characteristics affected reproductions when the relevant stimuli were presented during the sample interval, but not when they appeared during the reproduction. In both studies, the authors interpreted this result pattern as evidence against a pacemaker and in favor of a memory-related account of the respective illusions. Investigating stimulus-related temporal illusions during the reproduction phase can thus provide additional evidence regarding the perceptual or cognitive origin of a temporal illusion.
In conclusion, the present study provides evidence for both a filled -duration and a filled -reproduction illusion which work in opposing directions. As a consequence, reproductions of the same interval can vary dramatically depending on the combination of interval and reproduction type. The question of whether these illusions are driven by variations in pacemaker rate or other factors could not be clearly answered on basis of the present results and is thus awaiting further research.
